The optical transitions of uncapped and capped InAs/InP self-assembled quantum dot structures in the energy range of the bulk InAs E 1 transition are studied using modulation spectroscopy and Raman scattering. Islands and wetting layer exhibit one and two features, respectively. The deformation potential theory and the single band effective mass approximation account for the island-related feature successfully in a wide island-height range ͑3-7 nm͒. These models also explain the existence of the highest energy wetting layer related feature, but not of the lowest energy one. © 1999 American Institute of Physics. ͓S0003-6951͑99͒00101-1͔
Despite the strong effort devoted to the study of the optical properties of semiconductor quantum dots ͑QDs͒, little attention has been paid to their above band-gap transitions. However, the study of these transitions is important in view of some recent theoretical and experimental results. An example of these results is the prediction of large couplings between the bulk ⌫, L, and X states at nanometer size. 1 The understanding of the phenomenology related to the E 1 -or E 2 -like ͑L or X derived͒ transitions may provide a better comprehension of such interband mixings and, therefore, of the electronic structure of semiconductor QDs. Another example is the facility in estimating the strain in self-assembled QDs by means of the combination of the analysis of the E 1 -like transition and Raman scattering measurements. 2, 3 This facility rests on the fact that, due to the large effective masses of carriers, the effect of quantum confinement on the bulk L states is negligible for big enough islands, as compared with that on the bulk ⌫ states. However, quantum confinement may play an important role in smaller islands. In the present letter we report on the signatures of the InAs/InP self-assembled QD system about the bulk InAs E 1 transition. These signatures are detected and assigned to the islands or to the wetting layer ͑WL͒ using modulation spectroscopy and Raman scattering. The energy of the island-related E 1 -like transition is simulated taking into account both quantum confinement and strain within the deformation potential theory and the single band effective mass approximation. The validity of these models is thus examined.
Three different sets of ͑001͒-oriented samples are studied here. The first set was grown under conditions which favor island formation, consisting of two uncapped specimens with InAs deposits of 3.5 and 5 monolayers ͑ML͒, respectively. Atomic-force microscopy studies reveal a similar mean island height, 5.8 nm, in both of them. The island coverage increases with the InAs deposition, as should be expected. Island formation was also favored in the growth of the second set, formed by three capped specimens with InAs deposits of 1.8, 2.5, and 4 ML, respectively; the InP cap layer thickness is 25 nm. Also in this case, the island coverage augments with the InAs deposition. The 1.8 ML sample has a bimodal island-height distribution, with values of the mean island height of 3.5 and 7.4 nm and a dispersion much larger for the smallest than for the biggest islands. On the contrary, the 2.5 and 4 ML samples do have a single islandheight distribution and values of the mean island height of 3.3 and 3.6 nm, respectively. The structural aspects of these three samples are reported in detail elsewhere. 4 Finally, the third set comprises only a 2-ML-thick InAs quantum well ͑QW͒ sample, grown under conditions which avoid island formation. This QW was covered, like the islands of the capped specimens, with a 25-nm-wide InP cap layer. The structural characterization 5 reveals the existence of a strong corrugation at the InAs/InP interface or very small thin QDs, but not of well-developed QDs. Figure 1 shows the photoreflectance ͑PR͒ spectra of the uncapped samples taken at 80 K. The features located between 3.0 and 3.4 eV correspond to the E 1 and E 1 ϩ⌬ 1 transitions of the underlying InP, whereas the one around 2.65 eV is associated with the InAs deposit. As the increase of the signal-to-noise ratio indicates, the intensity of this feature rises, like the island coverage, with the InAs deposition. In addition, its energy is, in the same way as the mean island height, similar in both samples. This feature is therefore related to the uncapped islands.
Several InAs-related features are observable in the PR and electroreflectance ͑ER͒ spectra of the capped samples recorded at 80 K ͑Fig. 2͒. We attribute the ones near 2.7 eV to the buried islands with regard to: First, the feature of the 4 ML sample is situated at lower energy than that of the 2.5 ML sample, as should be expected from the larger value of the mean island height corresponding to the former one; and second, the 1.8 ML sample exhibits two features in accora͒ Electronic mail: josea@imm.cnm.csic.es APPLIED PHYSICS LETTERS VOLUME 74, NUMBER 1 4 JANUARY 1999 dance with its bimodal island-height distribution. Moreover, Raman scattering by the longitudinal optical ͑LO͒ phonon related to the buried islands 5 displays a resonance close to 2.7 eV ͑Fig. 3͒. Another Raman scattering resonance, around 2.5 eV, appears in the LO phonon of the WL 5 ͑Fig. 3͒. This feature is perceptible in the ER spectrum of the 4 ML sample. Also, it could be hidden by the lowest energy islandrelated one in the 1.8 ML sample and by the Franz-Keldish oscillations coming from the InP matrix in the 2.5 ML sample. There exists another feature in all these spectra, above 2.9 eV, that must be also connected with the WL: The intensity ratio between this and the island-related features diminishes with the InAs deposition as a result of the decrease of the WL volume related to the increase of the island coverage. The feature located above 2.9 eV appears also in the ER spectrum of the QW sample ͑Fig. 2͒. In addition, a signature that resembles those coming from the QDs can be observed at 2.8 eV. Its broadening parameter is, however, much smaller, suggesting an origin probably related to the strong interface corrugation or the very small thin islands existing in this sample.
In view of the energy range considered in this work, it is tempting to assign the InAs-related features to the E 1 -like transitions of the islands and the WL. The energies of these transitions have been calculated from the bulk parameters taking into account both quantum confinement and strain. Due to the very small aspect ratio ͑height/base͒ of the islands and the large effective masses of the carriers of the bulk L states, quantum confinement is significant only along the growth direction. In consequence, the islands can be modeled as a quantum well of width equal to the mean island height and depth determined by the strain-dependent band alignment. As shown by recent theoretical calculations, 6, 7 the mean values of the strain components of an island satisfy the following relationships: ⑀ xx Ϸ⑀ yy , ⑀ zz /⑀ xx ϭ(Ϫ2C 12 /C 11 ) ϫ␣, ⑀ xy Ϸ⑀ xz Ϸ⑀ yz Ϸ0, where C 11 and C 12 are bulk elastic stiffness constants and ␣ is a numerical parameter close to one. Assuming ␣ϭ1, these components were obtained for our islands from the frequency of the island-related LO phonon. 8 Then, the band alignment of the strained L-like states was determined from the modifications caused by the strain in the energies of the conduction band edge and the E 1 transition of bulk material. 9 We used the deformation potentials of GaAs ͑Ref. 9͒ as a first approach and the valence band offset for the ⌫-like states and the relative positions of the L band edges of InAs and InP reported in Refs. 10 and 11, respectively. The result of these calculations is depicted in Fig. 4 ; the case of InAs lattice matched to InP is also shown for the sake of completeness. The effect of quantum confinement on the energy levels of holes and electrons was evaluated within the single band effective mass approximation, 12 using the ͓001͔ projections of the L effective masses of GaAs. [12] [13] [14] In the case of the uncapped islands, the vacuum barrier energies were taken from Ref. 15 . Figure 5 displays the experimental energies of the islandrelated features, which were obtained fitting to the first derivative of a lorentzian functional form, 16 as well as the calculated energies. We should mention that moderate changes in ␣ do not alter significantly these energies. Good agree- ment exists between experimental and calculations, with the exception of the highest energy feature of the 1.8 ML capped sample. This sample has a rather large dispersion in the height of the smallest islands. Since that feature is the convolution of the transitions coming from islands with very different heights, the value of the mean island height is not as well defined as for the biggest islands of this sample and for the islands of the other samples. Our simple calculations account for the island-related feature successfully in a wide island-height range. In consequence, neither band coupling nor interband mixing should be taken into consideration to describe the island-related E 1 -like transition for islands higher than 3 nm. These calculations also explain the origin of the highest energy WL-related transition, but do not yield the correct value of its energy, as might be expected from the very small WL thickness. However, the existence of the lowest energy WL-related transition is completely inexplicable within such a framework.
In summary, three transitions, one coming from the islands and two from the WL, have been observed around the bulk InAs E 1 transitions in the InAs/InP self-assembled QD system. The deformation potential theory and the single band effective mass approximation describe successfully the island-related E 1 -like transition for values of island height larger than 3 nm, where the contributions of quantum confinement and strain have been found to be similar. Such models also explain the origin of the highest energy WLrelated transition; however, more complex theoretical treatments are needed to justify the existence of the lowest energy one. Fig. 4 , within the single band effective mass approximation. The experimental energies are shown by symbols: uncapped islands, 3.5 and 5 ML samples ͑͒; capped islands, 1.8 ML sample ͑᭹͒, 2.5 ML sample ͑᭡͒, and 4 ML sample ͑᭢͒. Error bars are displayed when bigger than symbols.
